Introduction
Itaconic acid (IA) (methylene butanedioic acid; common synonyms: methylene succinic acid, 3-carboxy-3-butanoic acid, propylenedicarboxylic acid) is an unsaturated dicarboxylic acid produced as a secondary metabolite by the fungal cells of Aspergillus terreus [29] . It has been reported that IA is biosynthesized via decarboxylation of cis-aconitate produced in the normal tricarboxylic acid cycle reactions [10] . IA has been used as a copolymer in acrylic resins and efficient commercial polymeric materials of and its derivatives in medicine and cosmetic preparations [31] . Recently, polyitaconic acid, a water-soluble polymer, has been proven to be an attractive replacement to the wellestablished petroleum-based polyacrylic acid, with a wide range of applications, including super absorbents, antiscaling agents in water treatments, co-builders in detergents, and dispersants for minerals in coatings [20] . Notably, in 2004, IA was identified by the Department of Energy of USA as one of the top 12 value-added chemicals to be produced from biomass, based on the growing concerns regarding sustainability, environmental conservation, renewable resources, and rising energy costs [30] .
Secondary metabolites such as IA are usually formed
The scale-up criterion of constant oxygen mass transfer coefficient (k L a) was applied for the production of itaconic acid (IA) in a 50 L pilot-scale fermentor by the fungal cells of Aspergillus terreus. Various operating conditions were examined to collect as many k L a data as possible by adjusting the stirring speed and aeration rate in both 5 L and 50 L fermentor systems. In the fermentations performed with the 5 L fermentor, the highest IA production was obtained under the operating conditions of 200 rpm and 1.5 vvm. Accordingly, we intended to find out parallel agitation and aeration rates in the 50 L fermentor system, under which the k L a value measured was almost identical to that (0.02 sec -1 ) of the 5 L system. The conditions of 180 rpm and 0.5 vvm in the 50 L system turned out to be optimal for providing almost the same volumetric amount of dissolved oxygen (DO) into the fermentor, without causing shear damage to the producing cells due to excessive agitation. Practically identical fermentation physiologies were observed in both fermentations performed under those respective operating conditions, as demonstrated by nearly the same values of volumetric (Q p ) and specific (q p ) IA production rates, IA production yield (Y p/s ), and specific growth rate (µ). Specifically, the negligible difference of the specific growth rate (µ) between the two cultures (i.e., 0.029 h -1 vs.
0.031 h -1 ) was notable, considering the fact that µ normally has a significant influence on q p in the biosynthesis of secondary metabolites such as itaconic acid.
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under obligate aerobic conditions. It is well known that the solubility of oxygen in aqueous solutions under 1 atm of air is extremely low, which is in the order of 10 parts per million near the ambient temperature, resulting in only a small reservoir in solution available for the producing cells [8] . In particular, the gas-liquid oxygen mass transfer rate (OTR) has been shown to become significantly diminished during mycelial growth in suspended cultures, due to the three-dimensional structure of the filamentous organisms, which imparts very high non-Newtonian viscosities to the fermentation broth [13, 27] . As a consequence, the availability of oxygen for microbial use depends not only on the solubility, but also on the mass transfer rates of this gas in the fermentation broth. Since the synthesis of secondary metabolites is generally considered to depend heavily on the energy generated through primary metabolism [22, 28] , it is quite natural to find that many published reports have emphasized the importance of control of oxygen supply rate to a bioreactor system in secondary metabolite fermentations [1, 8, 19, 24] . Effective scale-up is essential for the successful production of IA in industrial-scale fermentors. Once a particular bioprocess is accomplished successfully in lab-scale experiments, the bioprocess is then usually carried out in a number of bioreactors of increasing scale (normally the scale-up ratio of 1:10), the final process optimization being performed at pilot plant scale (50 L to 300 L fermentor volumes) where the operational conditions and the hydrodynamic and mixing are very similar to those used industrially on the production scale. Scale-up of the fermentation process can be done successfully by applying the rules of thumb method. In this method, the following scale-up criterion and percentage of each criteria are normally used in the fermentation industry: constant specific power input (P/V) (30% of use); constant volumetric mass transfer coefficient (k L a) (30%); constant impeller tip speed of the agitator or shear (20%); and constant dissolved oxygen (DO) concentration (20%) [18] . The different scale-up criteria could result in different process conditions on a production scale. It is well known that the influence of oxygen gas-liquid mass transport is the most significant factor for the scale-up of aerobic fermentations. Therefore, scale-up in aerobic fermentation is frequently carried out on the basis of keeping the volumetric oxygen mass transfer coefficient (k L a) constant in different sized fermentors [7, 11, 15, 26] .
Despite the detailed knowledge of the enzymes involved in the biosynthetic pathway of IA [20] and basic fermentation studies [2] , there is still no published information regarding the engineering aspects of fermentation scale-up for IA production. Owing to the altered catalytic properties often caused by different fermentation environments, filamentous fungal cells usually exhibit a different physiology and morphology during the scale-up process [9] . In this paper, we propose to apply the scale-up criterion of constant oxygen mass transfer coefficient (k L a) for the successful production of IA in a 50 L pilot-scale fermentor system by the filamentous fungal cells of Aspergillus terreus. As an initial step, several bioreactor cultures were carried out in a 5 L stirred-tank fermentor with various agitation speeds, in order to investigate the effect of DO level on the IA production capability of the producing cells. The resulting key fermentation parameters such as specific IA production rate (q p ), IA production yield coefficients (Y p/s ), and specific growth rate (µ) were quantified and then systematically analyzed. For scale-up of the IA fermentation process, the strategy was adopted to provide almost equivalent oxygen mass transfer coefficient (k L a) to the different-sized fermentor systems (5 L lab-scale and 50 L pilot-scale fermentors), thus ensuring to supply almost the same amount of DO into each fermentation broth. For this purpose, various operating conditions were examined in order to collect as many k L a data as possible by independently adjusting the agitation speed and aeration rate in each fermentor system. In the end, these results were utilized for effective scale-up of the fermentation process, with the purpose of successful production of IA in the 50 L pilot-scale fermentor.
Materials and Methods

Culture Media
Solid agar medium, growth medium (GM), and production media (PM) were used in this study. The GM, which was able to support high cell growth, was a complex medium composed of glucose (55 g/l), corn steep liquor (3 g/l), NH 4 NO 3 (5 g/l), MgSO 4 (4 g/l), and KH 2 PO 4 (0.5 g/l). For the production of IA, a sucrosebased production medium, optimized statistically using response surface methodology (RSM) in our laboratory, was utilized. The sucrose-based PM contained sucrose (100 g/l), yeast extract (2 g/l), (NH 4 ) 2 SO 4 (3 g/l), MgSO 4 (0.5 g/l), KH 2 PO 4 (0.5 g/l), PEG (5 ml/l), and 1.0 (ml/l) of a trace metal solution. The trace metal solution contained 8.8 mg/l ZnSO 4 •7H 2 O, 0.1 mg/l MnC1 2 •4H 2 O, 0.005 mg/l Na 2 MoO 4 , 0.4 mg/l CuSO 4 •5H 2 O, 0.2 mg/l FeSO 4 •7H 2 O and 1 L of water. The pHs of the production media were initially adjusted to 2.1 using 2 N HCl. PDA medium containing 20 g/l of agar was utilized as a solid agar medium for a large production of spores used as inoculums into a flask growth-culture.
Strain and Cultivations
IA high-yielding mutants of Aspergillus terreus (R104 strains) were used in this study, which was improved through rational
